Bioturbators affect other benthic animals by two processes: sediment reworking and changes in chemical properties. Crab exclusion experiments were conducted on an intertidal mud flat in the Tama estuary to examine the effects of the burrowing crab Macrophthalmus japonicus (Ocypodoidea) on the densities of sympatric macro-infauna in 2010 and 2011; and on sediment parameters in 2011. In 2010, approximately 1 month after M. japonicus was excluded, the densities of Corbicula japonica and Hediste sp. or spp. were significantly greater than those of the control, with M. japonicus present. Concerning sediment parameters: chlorophyll-a content, water content and total nitrogen content at the surface significantly increased and subsurface oxidation-reduction potential significantly decreased in the exclusion treatment compared with control conditions. These results appear to indicate that sediment reworking by M. japonicus was the main process affecting the sedimentary environment and density of C. japonica and Hediste sp. or spp. However, the magnitude of the effects of M. japonicus apparently varies from year to year because there were no significant differences in the densities of any macro-infauna species in 2011.
Introduction
The spatial distribution of the estuarine macrozoobenthos is considered to respond to environmental variables such as salinity (Sanders et al. 1965 , Yamamuro et al. 1990 , Teske & Wooldridge 2003 , sediment grain size (Yamamuro et al. 1990 , Teske & Wooldridge 2003 , and sediment redox conditions (Gamenick et al. 1996 , Kanaya & Kikuchi 2008 . Peterson (1977) showed that interspecific interactions, too, are important factors, and trophic relations (including competition for food and predator-prey relationships), are among the most important (Gray & Elliot 2009a) . In recent years, bioturbation has been emphasized as a structuring factor to explain the spatial distribution of the macrozoobenthos in estuarine and coastal soft-bottom ecosystems (Bouma et al. 2009 ).
Bioturbation is the physical disturbance of soils and sediments by organisms through feeding, burrowing and other movements. Since importance of bioturbation in terrestrial soil ecosystems was first recognized by Charles Darwin, bioturbation has been studied in many different fields (Meysman et al. 2006a , Kristensen et al. 2012 . In aquatic sediments, bioturbators transport not only sediment particles by reworking (Maire et al. 2008 ) but also pore water and associated solutes (e.g. O 2 , HCO 3 , NH 4 ) by burrow ventilation (Meysman et al. 2006b ). The enhanced penetration of pore water due to bioturbators changes the chemical properties of the sediments (see review by Kristensen et al. 2012) . The effects of burrowing benthos are often distinguished by two processes: sediment particle reworking, known as bioturbation; and water transport through burrow ventilation, or bioirrigation (e.g. ). Bioturbation affects sympatric benthic animals by sediment disruption (Posey et al. 1991 , Botto & Iribarne 1999 or stabilization/destabilization (Tamaki et al. 1997 , Tamaki & Suzukawa 1991 ) and leads to a reduction in sediment chlorophyll-a (chl-a) . Bioirrigation exerts its effects by extending the oxidation zone (Daleo & Iribarne 2006 , Flint & Kalke 1986 ) and enhancing the decomposition of organic matter , Otani et al. 2010 . Both these processes happen simultaneously within burrows (Vopel et al. 2003 (Vopel et al. , 2007 .
The burrowing ocypodoid crab Macrophthalmus japonicus (de Haan) inhabits estuarine intertidal mud flats throughout Japan except for Hokkaido and Okinawa (Wada 1991) and often occurs at high densities: approximately 50 ind. m 2 at the Tatara-Umi river confluence in Fukuoka Pref., Kyushu (Henmi 1992) ; 30 ind. m 2 in the Katsuura river, Tokushima Pref., Shikoku (Otani et al. 2010) . This deposit feeding crab typically makes a Jshaped burrow with a large opening (Otani et al. 2006 ), often at a high frequency (once every two or three days, Otani et al. 2009 ). Because of this high sediment disturbance, M. japonicus may affect the distribution of the macro-infauna by sediment reworking and by accompanying changes in chemical properties. The hypotheses driving the present study are that sediment reworking by M. japonicus comprises (1) transportation of sediment particles from deep in the burrows to the surface, which is expected to affect the surface sedimentary environment; and (2) transportation of water through burrows, causing changes in chemical properties which may affect the subsurface sedimentary environment. The effects of this crab were considered to be that: (1) the abundance of microphytobenthos and surface deposit feeders would be negatively affected by sediment reworking; and (2) changes in chemical properties would oxidize the sediment resulting in positive effects on sub-surface deposit feeders.
Field manipulative experiments have been widely used to investigate interspecific relationships in marine ecosystems. Cage exclusion experiments are the most common method used to investigate how particular species affect the benthic community (e.g. Reise 1978 , Posey et al. 1991 , Botto & Iribarne 1999 , Webb & Eyre 2004 , Lomovasky et al. 2006 . In the present study, crab exclusion experiments were conducted to clarify the effects of M. japonicus on the abundance of macro-infauna and on the sedimentary environments in the intertidal mud flat of the Tama river estuary, Tokyo Bay.
Materials and Methods

Study site
The Tama river is one of the largest rivers that flow into Tokyo Bay and there are several tidal flats in its estuary. . This crab was inferior to four dominant species in density, but was comparable to those in biomass.
Experimental design
Block-design crab exclusion experiments were conducted from 27 August to 24 September in 2010 and from 7 July to 17 August in 2011 along inshore stretches of the estuarine flat where M. japonicus was found at its highest density. Each block consisted of three plots, each 50 50=2500 cm 2 in area ( Fig. 1) and differing in treatment, with a distance of 1 m between plots in the same block. The treatments were as follows.
(1) Exclusion treatment A 2 mm-mesh plastic net (Takiron Co., Ltd.) was attached to the sides of a 12 mm-mesh wire cage from a depth of 10 cm below to 10 cm above the sediment surface, to prevent the crabs entering the cage. The cage was inserted into the sediment to a depth of 20 cm with 20 cm protruding above the surface. Crabs within the freshly inserted cages were removed by hand. (2) Cage Control Wire was removed from four sides of the cage from the sediment surface to a height of 10 cm above the sediment surface, creating openings that do not restrict the crab s normal behavior. The degree of the bioturbation depends not only on the number of crabs but also on their body size because the volume of sediment displaced by digging the burrows is proportional to the carapace width of the crab (Otani et al. 2009 (Otani et al. , 2010 . Therefore, at the end of the experiment, the number of crabs and the carapace width of each crab in each plot were estimated. Because M. japonicus is difficult to catch without disturbing the sediment, the number of burrows was taken as an estimate of the number of crabs, and the diameter of each burrow as an estimate of carapace width, the latter obtained using the following equation between burrow diameter and carapace width obtained from field data in June 2009: F=88.09, p<0.0001) where CW=carapace width of M. japonicus (mm); D=diameter of burrow opening (mm).
Sampling of macro-infauna
Macro-infauna was collected from each plot at the end of the experiments. For each plot, sediments were collected using a plastic corer (100 cm 2 in area, 10 cm in depth) twice in 2010 and three times in 2011. The sediments were sieved in situ through a 0.5 mm mesh sieve. The retained fraction was fixed in 5% neutralized formalin solution and dyed with 0.1% rose bengal solution in the laboratory. The animals in the samples were sorted, transferred into 70% ethanol and identified to species or higher taxa under a stereoscopic microscope.
Sampling of sediment parameters
The sediment environmental parameters in each plot were analyzed in 2011. Assuming that sediment reworking by M. japonicus affected surface sediment parameters and that the changes in chemical properties of M. japonicus affected subsurface sediment parameters, surface sediment parameters were determined and expressed as an index of sediment reworking, and subsurface parameters were determined as an index of changes in chemical properties.
The following parameters were measured chl-a content, water content, silt-clay content (particles <63 μm), median grain size, total organic carbon content (TOC), total nitrogen content (TN) and subsurface oxidation-reduction potential (ORP). Sediment samples for chl-a analysis (2 cm in diameter, 0.5 cm in depth) were taken with a plastic corer from three randomly chosen points within each plot. They were freeze-dried and chl-a was extracted from ca. 1 g dried sediment with 10 ml N,N-dimethylformamide (DMF) for 30 minutes at 4°C. Chl-a content was measured with a fluorescence spectrophotometer (RF-1500, Shimadzu). For the analysis of water content, silt-clay content, median grain size, TOC and TN, sediment samples (5 cm in diameter, 10 cm in depth) were taken with a plastic corer from three randomly chosen points within each plot. Sediment cores were divided into three consecutive layers (surface: 0-1, middle: 1-5 and bottom: 5-10 cm in depth). The surface layer of the core was used for analysis of sediment reworking and the other two subsurface layers used for that of the changes in chemical properties. Water content was determined by subtracting the dry weight from the wet weight of the sediment samples after being dried at 60°C for 48 h. Silt-clay content and median grain size were measured based on Matsumoto (1986) , using 6 sieves (2, 1, 0.5, 0.25, 0.125, 0.063-mm mesh). TOC and TN were determined using an elemental analyzer (MT-700, Yanaco) after samples were acidified with 1 M HCl to remove carbonates. Sediment ORP was measured in situ at 5 cm below the surface in each plot using an ORP electrode (9300-10D, Horiba).
Statistical analysis
The effects of M. japonicus on sediment parameters and on the density of the macro-infauna were analysed by comparing the Exclusion and the Cage Control treatments. The effects of the cage were assessed by first comparing the Cage Control and Control treatments. A generalized linear model (GLM) with a log link function was used to assess treatment and year effects on mean density and mean carapace width of M. japonicus; the treatment effect on the mean density of each species of macro-infauna; and sediment parameters. Based on the characteristics of the data, the mean density of M. japonicus was assumed to follow a Poisson distribution, the mean density of each species of macro-infauna was assumed to follow a negative binomial distribution and the mean carapace width of M. japonicus and the sediment parameters were assumed to follow a Gamma distribution. Differences in all parameters between the treatments were tested using a likelihood ratio test (LRT) based χ 2 distribution. These analyses were carried out using the statistical package R (ver. 2.13.1).
Results
Control of the crab
In the Exclusion treatment, at the end of the experiments, M. japonicus was not found in any of the three plots in 2010 nor in three of four plots in 2011 (Fig. 2) . In the 
Effects of M. japonicus on sediment parameters
The sediment parameters of the three treatments in 2011 are shown in Table 1 . None was significantly different between the Cage Control and the Control treatments. Among the indexes of sediment reworking, chl-a content, water content and TN at the surface were significantly higher in the Exclusion treatment than in Cage Controls: chl-a content was approximately four times higher, water content in the top layer was approximately 10% higher and TN in the top layer was 1.3 times higher. Concerning indexes of change in chemical properties, ORP in the subsurface was approximately 20 mV lower in the Exclusion treatment than in the Cage Controls. This difference was significant but ORP in both treatments was higher than 100 mV. Other parameters for both sets of indexes were not significantly different between Exclusion and Cage Control treatments.
Effects of M. japonicus on densities of macro-infauna
Twelve macro-infauna taxa were found in both years. The most abundant in the Control treatment were Hediste sp. or spp., Prionospio japonica, and Heteromastus sp. (all polychaetes) and Corbicula japonica (a bivalve mollusc), accounting for around 89% of the total number of macroinfauna (Table 2 ). In the Control treatment, the densities of C. japonica, Hediste sp. or spp., P. japonica, Heteromastus sp. and Cyathura muromiensis in 2011 were at least twice those in 2010. Nine taxa were collected in sufficient numbers of individuals and plots for valid statistical testing. In 2010, the densities of Pseudopolydora kempi and Notomastus sp. were significantly different between the Cage Control and Control treatments, while the remaining seven taxa were not significantly different. The densities of C. japonica and Hediste sp. or spp. were significantly higher in the Exclusion treatment than in the Cage Control treatment (Table 2, Fig. 3 ). However, in 2011, there were no significant differences between these treatments for any species.
Discussion
Experimental design
Alhough there were no significant differences between the Cage Control and the Control treatments in sediment parameters in 2011 (Table 1) , cages used in the experiments had significant effects on the densities of Pseudopolydora kempi and Notomastus sp. in 2010 (Table 2) . These results suggest that the cage affected certain environmental parameters in 2010, not analyzed in this study. However, the effects of M. japonicus on sediment parameters and on the abundance of macro-infauna (other than P. kempi and Notomastus sp.) are worthy of discussion since the lack of significant cage effects has been demonstrated. Nevertheless differences in cage design might affect the results of this study, so it would be prudent to clarify the effects of the different cage designs in order to confirm the effects of M. japonicus.
Effects of M. japonicus on sediment parameters
Macrophthalmus japonicus significantly affected the surface sediment chl-a content, surface water content and surface TN, which are all indexes of sediment reworking (Table 1) . Studies using carbon and nitrogen stable isotope signatures have revealed that this deposit-feeding crab feeds mainly on benthic diatoms (Otani et al. 2006 , Kanaya et al. 2008a , Imamura et al. 2011 , which explains the observed decrease in chl-a content (known to originate mainly from benthic diatoms; Round 1971). Otani et al. (2006) have previously suggested that destabilization of sediment due to reworking by M. japonicus decreases chl-a content. Other burrowing organisms are also known to decrease the microphytobenthos by sediment reworking, such as Trypaea australiensis (Webb & Eyre 2004) and Arenicola marina . It is therefore concluded that M. japonicus decreases the microphytobenthos by both feeding and sediment reworking. An increase in microphytobenthos abundance in the Exclusion treatment might explain the observed increase in water content at the surface, since the microphytobenthos forms a moisture-retaining mat within the top few millimeters of sediments (Gray & Elliot 2009b) . have shown that both the abundance of microphytobenthos and water content significantly increased where A. marina was excluded. The increase of microphytobenthos abundance in the Exclusion treatment might also affect the increase of TN at the surface because a high abundance of microphytobenthos provides a high content of organic matter. However, although TN at the surface was significantly higher in the Exclusion treatment than in the Cage Controls, TOC was not significantly different between these treatments. One possible explanation for this difference is the high supply of organic matter with a high C/N ratio from reed beds (C/N ratios>12; Lamb et al. 2006) adjacent to the study site, which might have masked differences in the organic carbon produced by the microphytobenthos.
Of the changes in the indexes of chemical properties, subsurface ORP was significantly lower but still oxidative (111 mV) when the crab was excluded (Table 1) . The sediment in this tidal flat is already oxidative (ORP 50-109 mV; Horikoshi et al. 2012) , which might obscure the effects of the burrows of M. japonicus on extending the oxidation zone (cf. Daleo & Iribarne 2006) . However, in general, the results of the experiments reported here show that sediment reworking by M. japonicus was the main process affecting the sedimentary environment at the study site.
Effects of M. japonicus on macro-infauna density
The results of the experiments in 2010 showed that M. japonicus had negative effects on the densities of C. japonica and Hediste sp. or spp. (Table 2, Fig. 3 ). Hediste sp. or spp. are surface deposit feeders (Tsuchiya & Kurihara 1979) grazing mainly on benthic diatoms (Kanaya et al. 2008b) , so the high abundance of microphytobenthos in the Exclusion treatment may have led to an increase in the density of this polychaete, while in Control and Cage Control treatments M. japonicus might have partly restricted their distribution by causing a decrease in microphytobenthos abundance. Other studies also have suggested that bioturbators affect surface deposit feeders through decreasing the abundance of microphytobenthos and organic matter (Botto & Iribarne 1999 . Field observations on the distribution of Hediste sp. or spp. are also coincident with the experimental results, which was observed to be associated mainly with the riverside in this flat (Horikoshi et al. 2012) , where the density of this crab is low (Tanaka unpublished data). The density of C. japonica, a filter feeder, was significantly higher when M. japonicus was excluded. Previous studies performed on soft-bottom communities have shown that bioturbators inhibited feeding and subsequent growth of suspension feeders owing to sediment disturbance (Rhoads & Young 1970 , Lomovasky et al. 2006 . Bioturbation by M. japonicus might also suppress the activities of C. japonica in this flat and significantly affect their survival.
Although M. japonicus increased the sediment ORP, the density of subsurface deposit feeding polychaetes, such as Heteromastus sp. and Capitella sp., was not affected. In previous studies, bioturbators were shown to facilitate the abundance of subsurface deposit feeding polychaetes (Posey et al. 1991 , Botto & Iribarne 1999 ) because they improved the supply of oxygen and reduced subsurface sulfide content ). However, because subsurface ORP was found to be oxidative in all treatments in this study (Table 1) , M. japonicus apparently did not significantly facilitate conditions for subsurface deposit feeding polychaetes. On the contrary, it seems that sediment reworking by M. japonicus had negative effects on both surface deposit feeders and filter feeders at the site used for the present study.
Differences between the two years
Because the mean carapace width was significantly larger in 2011 than in 2010, the degree of bioturbation by M. japonicus was presumably larger in 2011. However, the results in 2011 did not show any significant effects of this crab on the macro-infauna, contrary to that in 2010. There were no exceptional events (such as unusually low summer temperatures: the mean temperature during experiments was 27.6°C in 2010 and 27.5°C in 2011: Haneda site in Japan Meteorological Agency), and the macro-infauna density was higher in 2011 than in 2010 in the Control treatment (Table 2, Fig. 3 ). Generally in tidal flat ecosystems, the macro-infauna abundance fluctuates from year to year due to fluctuations in recruitment, which is determined by variable environment factors such as precipitation (Hall 1994 , Olafsson et al. 1994 ) and currents (Gaines & Bertness 1992) . It is therefore speculated that the high macro-infauna density reduced the negative effects of M. japonicus on C. japonica and Hediste sp. or spp. in 2011. have reported year-by-year variations in the effects of bioturbators on other macrobenthos and suggested that differences in recruitment might be masking bioturbator effects. This suggests that multiyear monitoring is necessary when conducting field experiments on macro-infauna.
